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Abstract

The Red-emitting nitrogen-doped carbon dots (N-CDs) are synthesized using o-phenylenediamine by a one-step method, and can
serve as a fluorescent probe for “turn oft” detection of hematin in human red cells. The red-emitting N-CDs can be obtained only
in acidic conditions and the emission of the red-emitting N-CDs is pH-dependent, indicating proton-controlled synthesis and
emission. The red-emitting N-CDs are 2.7 nm in mean size and have a uniform dispersion and exhibit a high quantum yield
(12.8%) and great optical properties. The developed sensing system for hematin displays a linear response from 0.4 to 32 pM
with a detection limit of 0.18 uM. Importantly, this fluorescent probe demonstrates a good potential practicability for the

quantitative detection of hematin in complex matrixes.
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Introduction

Carbon dots (CDs) attract tremendous attentions in recent
years due to their remarkable advantages such as great optical
properties, excellent biocompatibility, and good water solubil-
ity [1, 2]. Consequently, CDs have been found wide utilization
in many fields, such as sensing, optical imaging, and cell
labeling [3—7]. Recently, many prepared methods are devel-
oped to adjust the optical properties of CDs. Mainly blue- to
green-fluorescent CDs have been synthesized [2, 5-8]. But
some defects limit their further applications, especially in op-
toelectronic devices and biomedical applications due to severe
photodamage of ultraviolet excitation light and obvious blue
autofluorescence of biological matrix. In the meantime, red
light exhibits excellent tissue osmotic performance.
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Moreover, red fluorescent CDs can provide vital components
for full-color emitting; thus, red CDs are very suitable for
biomedical application. To the best of our knowledge, never-
theless, very few simple and reproducible synthetic methods
for red emissive CDs are reported [9, 10]. Therefore, it is
important to find efficient and easy prepared pathways for
red fluorescent CDs.

Hematin (Fe(III) protoporphyrin IX with a hydroxyl group
(OH") ligand) is derived from the oxidized form of heme
(Fe(Il)-protoporphyrin IX), which is the main prosthetic group
of proteins such as myoglobin and hemoglobin [11]. A hemo-
globin molecule has four hemes, which exist on each of the
hemoglobin subchains. After the autoxidation of hemoglobin
to methemoglobin, the Fe(Il) is oxidized to Fe(Ill), which
binds an OH . Thereafter, heme is freed from hemoglobin to
red cells as hematin [12, 13].

Hematin has been testified as a kind of toxic substance.
Firstly, it is a forceful hemolytic agent and can trigger lyses
of human red cells and other type of cells [14-16]. Secondly,
hematin can cause membrane damage by generating reactive
oxygen species (ROS) including hydroxyl radicals, superox-
ide radicals, and H,O,, which can mediate lipid peroxidation
[17, 18]. Moreover, the levels of hematin would become ab-
normal under pathological condition and result in diverse in-
flammatory diseases, such as immune-mediated disorders, re-
nal insufficiency, and vascular disease [19, 20]. Considering
the adverse impact of hematin on human body, it is very
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significant to develop a fast, efficient, and reliable method for
determination of hematin. However, there is a paucity of the
literature about determination of hematin in erythrocytes.

Most reports for heme quantification mainly are centered
on detecting the total heme in red cells, including the free
heme and heme-containing protein, such as hemoglobin and
myoglobin. Colorimetry [21], high-performance liquid chro-
matography (HPLC) [22], and mass spectrometry [23] were
used in some reports. But these works do not provide a way to
directly detect hematin in red cells. Thus, the detection of
hematin in erythrocytes is still a great challenge. To realize
the goal of detecting hematin directly, researchers have fo-
cused on developing new strategies in recent years.
According to the adsorption properties of hematin, Liu et al.
[24] reported an approach for detecting hematin in human red
cells. But hematin must be separated from bulk hemoglobin
firstly, which makes the pretreatment process complicated and
time-consuming. Due to their low toxicity, high photostability,
great water solubility, and good biocompatibility, carbon dots
were successfully applied to many analytical detection fields
as fluorescent probes [25, 26]. Boron-doped graphene quan-
tum dots (BGQDs) were used to test the hematin content in
red cells without the separation of hematin from hemoglobin
[27]. But the preparation process of BGQDs is tedious, need-
ing careful control of the preparation conditions.

In this work, the strong red emissive nitrogen-doped car-
bon dots (N-CDs) were synthesized using a hydrothermal
carbonization method. Scheme 1 exhibits that the prepara-
tion process of N-CDs is convenient. Since o-
phenylenediamine is rich in carbon and amino groups, it
can be used as nitrogen and carbon sources to synthesize
N-CDs without further surface modification or conjugation.

Orange emissive N-CDs

IFE O+O
%, ~O+O

The fluorescence intensity of the N-CDs decreased with
addition of hematin. Meanwhile, the N-CDs were success-
fully applied to directly detecting hematin in human red
cells without separating hematin from hemoglobin, which
exhibits a potential application of this method for determi-
nation of hematin in complex biological samples.

Materials and methods
Reagents and materials

HCI, o-phenylenediamine (oPD), HNOj, H,SO,, tetra-n-
butylammonium hexafluorophosphate (BuyNPF), sodium
chloride (NaCl), m-phenylenediamine (mPD), and p-
phenylenediamine (pPD) were supplied by Aladdin Reagent
Co., Ltd. (Shanghai, China). A Britton—Robinson (BR) buffer
was prepared for controlling the acidity.

Apparatus

The high-resolution transmission electron microscopy
(HRTEM) data of N-CDs were performed on a JEM-2100
electron microscope (JEOL Ltd., Japan). X-ray photoelectron
spectroscopy (XPS) spectra were collected by an ESCALab
250Xi (Thermo Fisher Scientific, USA). The Fourier trans-
form infrared (FTIR) spectra were collected using a Bruker
IFS 113v spectrometer (Bruker, Germany). The fluorescence
lifetime was measured with an FLSP920 fluorescence spec-
trometer (Edinburgh, UK). The UV-vis absorption spectra
were gained from a UV-Vis 2450 spectrophotometer
(Suzhou Shimadzu Instrument Co., Ltd., China). The

S

Red emissive N-CDs
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Quenched N-CDs

Scheme 1 Schematic diagram showing the synthetic strategy of N-CDs and detection principle for hematin
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electrochemical measurement was performed on a CHI660
electrochemical station (Shanghai CHI Instruments Co.,
Ltd., China). A common three-electrode cell was used, includ-
ing the Ag/AgCl (sat.KCl) reference electrode, and two Pt
wire electrodes as the counter electrode and the working elec-
trode, respectively. The fluorescence spectra were recorded
with an F-4500 fluorescence spectrophotometer (Hitachi
Ltd., Japan).

Synthesis of red-emitting N-CDs

The red-emissive N-CDs were prepared by a carbonation
method according to a previous report with some modifica-
tions [28]. Briefly, 27 mg of oPD and 50 puL of HCI (1 M)
were added to 5 mL of ultrapure water. And the solutions were
heated at 150 °C for 8 h in a tetrafluoroethylene autoclave
(25 mL). After cooling to room temperature, the deep red
products were centrifuged at 12,000 rpm for 25 min, and then
the sediment was removed. And the product was collected for
further use. Furthermore, other control carbon dots were pre-
pared in the same conditions except that oPD was replaced by
mPD and pPD, and HCI was replaced by HNO; and H,SOy,
respectively.

Fluorescence quantum yield assay

By using rhodamine B with QY =89% as a reference, the
relative quantum yield (QY) of N-CDs was estimated (see
Electronic Supplementary Material (ESM) Fig. S1). And the
N-CDs and rhodamine B were dissolved in ultrapure water
(refractive index of 1.33) and absolute ethyl alcohol (refrac-
tive index of 1.36), respectively, and their absorbance were
kept less than 0.05 at 560 nm to avoid self-absorption
mechanism.
The quantum yield was estimated by the equation below:

¢x = py (Grady/Grady) (nx/nst)z (1)

where ¢ represents the QY, 7 denotes the refractive index, and
Grad is the slope of curve. And the subscript “x” represents
the N-CDs samples and “st” represents the standard. And

T Tst= 0.98.

Detection of hematin by red-emitting N-CDs

For detecting hematin, 10 puL of N-CDs (10 mg/mL),
20 pL of various concentrations of hematin, and
470 pL of BR buffer (pH 3.2) were mixed together.
After a few minutes, the fluorescence signals were re-
corded on the spectrofluorophotometer at the excitation
wavelength (Ao =560 nm).

Preparation of hemolysate

Blood sample was provided by healthy adults from our labo-
ratories. We prepared the hemolysate based on a reported
method [27]. A portion of 20 mL of isotonic 0.9% NaCl so-
lutions was added to 2 mL of blood samples. The suspension
was then uniformly mixed by gently agitating the tube. Next,
to remove the supernatant, the mixture was centrifuged at
3000 rpm for 10 min. After washing three times by repeating
the above process, the sediment was dispersed in 25 mL of
ultrapure water. Due to different osmotic pressures between
the water and the red cells, the red cells ruptured. To compress
the cell membranes, the suspension was centrifuged at
10,000 rpm. Finally, the hemolysates were obtained and
stored at 4 °C for further use. The hemolysates were diluted
100-fold using ultrapure water before use.

Results and discussion
Proton-controlled synthesis of red-emitting N-CDs

o-Phenylenediamine was used as a precursor to prepare N-
CDs. We adjusted the pH of the reaction system with HCI or
NaOH in the preparation process of the N-CDs. Interestingly,
red-emitting N-CDs were obtained under acidic condition,
whereas the N-CDs synthesized in neutral and alkaline condi-
tions emitted orange fluorescence (see ESM Fig. S2A). The
results indicate that pH value of reaction system acts as a
significant factor in the preparation of N-CDs with different
emissions. A previous report claimed that HNO; played a
significant role to the red emission of N-CDs [29]. To prove
the fact that different emissions are caused by pH rather than
by a specific acid, we replaced HCI with HNO3 or H,SO,. As
shown in Fig. S2B (see ESM), all N-CDs prepared by adding
various acids show red fluorescence, illustrating that the acid
source has no influence on the formation of the red-emitting
N-CDs and the proton takes an important role to the red emis-
sion. Furthermore, when HCI was added, the as-prepared or-
ange-emitting N-CDs have no redshift in the emission wave-
length (see ESM Fig. S2C), demonstrating that the proton has
an important influence upon the synthesis of red-emitting N-
CDs. In addition, we used mPD and pPD to synthesize N-CDs
at the same conditions. The prepared N-CDs using mPD and
pPD show the fluorescence emission peaks at 510 and
600 nm, respectively, having a blueshift compared to that with
oPD, and their fluorescence intensities are lower than those of
the N-CDs synthesized by oPD (see ESM Fig. S3). Therefore,
oPD was selected to obtain red-emitting N-CDs finally.
Next, the optical property of the red-emitting N-CDs was
studied. The UV-vis absorption spectrum of the N-CDs
(Fig. 1a) displays a strong absorption peak at 277 nm and
two weak absorption bands at 413 and 475 nm in the range
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of 410-630 nm because of the 7t-7t* transition of C=C bond,
and n-7t* transitions of C=N and C=0 bonds, respectively [28,
30]. The N-CDs reveal a remarkable fluorescence peak at
620 nm and a shoulder at 675 nm when excited at 560 nm.
Furthermore, the solution emits strong red fluorescence radi-
ated with a laser pointer of 532 nm, and the N-CDs solutions
are pale yellow (insets of Fig. la). The N-CDs exhibit an
obvious excitation-independent emission characteristic (see
ESM Fig. S4), which is attributed to uniform microstructure
and surface chemical state of the N-CDs [31]. The QY of the
N-CDs was 12.8% at excitation of 560 nm, using rhodamine
B as a reference (see ESM Fig. S1). The functional groups on
N-CDs were explored by using the FTIR spectroscopy. As
illustrated in Fig. 1b, the amino groups of oPD (3386-
3185 cm ') are transformed to secondary amine groups of
N-CDs (3419 cmﬁl). Furthermore, the stretching vibration of
=C—H at 3030 cm ' has a significant enhancement and shifts
to lower wave at 2809 cm™' from oPD to N-CDs, suggesting
the prepared N-CDs with larger conjugated degree. The obvi-
ous characteristic bands at 1529, 1580, and 1610 cm ! are
attributed to C-N-C, C=N, and C=C, respectively. The
stretching vibration of C—H of aromatic benzene with the
phenazine skeletons is situated at 755 and 608 cm™'. The
above analysis testified the presence of phenazine and imine
structures in the N-CDs [29, 32-34].

Figure 2a exhibits TEM image of the red-emitting N-CDs,
which exhibits that the particles are nearly spherical and
monodispersed. Moreover, the N-CDs have a small size distri-
bution (2.0-3.5 nm) with a mean diameter of 2.7 nm. The inset of
Fig. 2a shows distinct lattice spacing (0.20 nm) in the HRTEM
image, which can be ascribed to (100) facet of graphitic carbon
[35]. The XPS spectra were used to further study the structures
and elemental composition on the surface of the red-emitting N-
CDs. The full spectrum (Fig. 2b) displays that the N-CDs
consisted mostly of carbon (C), oxygen (O), and nitrogen (N).
Figure 2c shows the Cls analysis reveals four different peaks at
284.4 (C-C/C=C), 284.9 (C—N), 285.9 (C-0), and 287.0 eV
(C=N) [29, 36]. Moreover, the N1s spectrum (Fig. 2d) exhibits
these peaks at 398.8, 399.9, and 401.1 eV corresponding to
pyridinic N, pyrrolic N, and amino N, respectively [37, 38].
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Proton-mediated emission of red-emitting N-CDs

It can be seen that the fluorescence of the red-emitting N-CDs
was pH-dependent. Figure 3a exhibits the fluorescence varia-
tion of the N-CDs with different pH values (1.8-5.0). It is also
found that although there is no shift of emission wavelength,
the fluorescence intensity of the N-CDs is decreased with
raising pH and has a good linear relationship to pH (1.8-5.0)
(Fig. 3b). The fluorescence of the N-CDs exhibits a good
reversibility against pH by repeating three-time measurements
(the inset of Fig. 3b). The above results imply that a stable and
reversible sensing system for pH assay can be established
using the red-emitting N-CDs.

The response of the red-emitting N-CDs toward pH might
be ascribed to protonation and deprotonation of the nitrogen
doping in the rigid carbon skeleton structures [39]. In acidic
condition, the surface groups of N-CDs and the N in the rigid
carbon skeleton were protonated. With increasing pH value,
the doped nitrogen in N-CDs was deprotonated firstly,
influencing the sp® domain of the N-CDs [35]. Thus, the fluo-
rescence of N-CDs was quenched gradually. In order to verify
this inference, the fluorescence spectra and zeta potentials of
N-CDs with different pH values (1.8-5.0) were measured.
Figure 3b exhibits that the fluorescence intensity of N-CDs
decreased greatly at pH 5.0, which indicated that the surface
groups were deprotonated. Furthermore, with increasing pH,
the zeta potential of the N-CDs was more negative (see ESM
Fig. S5), further testifying the deprotonation process.

Stability of the red-emitting N-CDs

The stability of the synthesized red-emitting N-CDs was ex-
plored. Figure S6A (see ESM) exhibits the N-CDs can be
stored at 4 °C for at least 2 months, which still kept stable
without obvious decrease in fluorescence. Moreover, the sign
of photobleaching was not found for the N-CDs under contin-
uous irradiation for 1 h by a UV lamp of 365 nm (see ESM
Fig. S6B). As shown in Fig. S7A (see ESM), the fluorescence
intensity of the N-CDs is stable for at least 30 min in different
pH solutions (pH 2.5, 3.5, and 4.5). In addition, the



Proton-controlled synthesis of red-emitting carbon dots and application for hematin detection in human... 1163

Fig. 2 a TEM of N-CDs. Inset to b
a: HRTEM and histogram of the a
size distribution of N-CDs. b XPS Cls
survey spectrum of N-CDs. High- ';
resolution XPS spectra of ¢ Cls <
and d N1s of N-CDs =
£
v <
s Nls Ols
N
= M
]
250 500 750 1000 1250
Binding Energy (eV)
¢ d Nls
~_
= -~
: = - ino N
< S A L
b N’
G £
g 2
- )
= =
L] L
280 284 288 292 392 396 400 404 408
Binding Energy (eV) Binding Energy (eV)

fluorescence of the N-CDs can still remain constant even in
the solution with high ionic strength (100 mM NaCl, see ESM
Fig. S7B). From the above descriptions, the as-prepared N-
CDs have good stability even under extreme conditions,
which makes them possess good potential for hematin detec-
tion in biological samples.

Establishment of sensing system for hematin
with red-emitting N-CDs

The red-emitting N-CDs reveal intrinsic fluorescence, abun-
dant surface groups, and excellent water solubility, indicating
their good application prospect in chemical and biological
fields. In this work, the fluorescence of red-emitting N-CDs

decreased with addition of hematin. The effect of pH on the
system for detecting hematin was investigated in the BR buff-
er by monitoring the change of the fluorescence intensity ratio,
(Fo—F) Fy, where Fy and F’ denote the fluorescence intensity
of N-CDs before and after addition of hematin, respectively.
Figure S8A (see ESM) shows that in the pH range of 2.64.5,
(Fo—F) Fydoes not obviously change. Considering the sen-
sitivity of detection and buffer capacity of the buffer, the
pH 3.2 BR buffer was chosen for the experiments. Figure 4a
reveals the fluorescence quenching of N-CDs by different
concentrations of hematin (0-35 uM), which suggests that
the hematin sensing system can be established using N-CDs.
And Fig. 4b indicates a relationship of (Fo—F) F to the
hematin concentration. The inset of Fig. 4b exhibits the

Fig. 3 a Fluorescence spectra of
N-CDs in the BR buffers with
different pH values (from 1.8 to
5.0). b Linear relationship of the
fluorescence intensity of N-CDs
versus pH value. The inset is the
reversibility of fluorescence
toward pH between 1.8 and 5.0.
Conditions: N-CDs, 0.2 mg/mL
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Fig. 4 a Fluorescence spectra of
N-CDs with addition of different
concentrations of hematin. b
Relationship between (F —

F) F, and the hematin
concentrations from 0 to 35 pM
(Fy and F are the fluorescence
intensity of N-CDs in the absence
and presence of hematin,
respectively). And the inset
exhibits the linear relationship for 0 -
hematin in the 0.4-32 M range. 600
Conditions: N-CDs, 0.2 mg/mL
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320+

1604

FL Intensity (a.u.) Q@

intensity ratio displays a linear relationship against hematin
concentration from 0.4 to 32 uM with the regression equation
of (Fp—F) Fy=0.025C + 0.106, where C represents concen-
tration of hematin. The detection limit (defined as 3o/slope)
for hematin was 0.18 uM. Moreover, the influence of the
incubation time on the intensity ratio was explored. After
adding hematin for 30 s, the fluorescence can be quenched
and keep stable for 20 min (see ESM Fig. S8B), suggesting
that the N-CDs interact with hematin quickly. Therefore, the
as-synthesized N-CDs can be used for real-time tracking he-
matin in real samples. In addition, the fluorescence change of
orange-emitting N-CDs with adding hematin (0-35 uM) was
explored (see ESM Fig. S9A). And Fig. S9B (see ESM)
shows a linear relationship of (Fo—F) F, to the hematin
concentration (4-20 pM) with a linear correlation (R*=

0.9941). The detection limit (defined as 3o/slope) for hematin
is 1.43 uM. As a result, it can be seen that the analysis method
established by red-emitting N-CDs is more sensitive and has a
wider linear range for hematin. Meanwhile, a comparison with
the previous reports for hematin detection is summarized (see
ESM Table S1). It can be seen that our method is rapid and
reliable. Importantly, our sensing system has several remark-
able merits including simple synthesis and great sensitivity for
hematin detection.

Selectivity study for hematin detection

For investigating the selectivity of this probe to hematin, the
fluorescence signals of N-CDs were explored with some bio-
logical molecules (hemoglobin (Hb), glutathione (GSH), uri-
dine (Uri), adenosine (Ade), L-cysteine (L-Cys), glucose
(Glu), ascorbic acid (AA), and L-arginine (L-Arg)) and metal
ions (Li*, Na*, K*, Zn**, AI**, and Fe**). Figure 5 displays
that the fluorescence of the N-CDs has an obvious decrease
when adding hematin, whereas these biological substances
and metal ions exhibit an insignificant fluorescence quenching
ability to N-CDs, which suggests that the N-CDs exhibit re-
markable selectivity for hematin over other coexisting biolog-
ical substances possibly. Therefore, the results reveal that the
established system can be reliable and selective determination
of hematin in complex biological samples.
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Mechanism of hematin-induced quenching

To understand the fluorescence quenching mechanism of N-
CDs by hematin, some experiments have been performed. The
fluorescence emission spectrum of N-CDs shows broad over-
lap with the absorption spectrum of hematin (Fig. 6a). Also,
we measured the fluorescence lifetime of N-CDs and found it
to be 0.666 ns (Fig. 6b), but when added 10 and 20 uM he-
matin, the fluorescence lifetimes were 0.645 and 0.585 ns,
respectively. Hence, the fluorescence quenching might be
caused by fluorescence resonance energy transfer (FRET)
[40]. Moreover, the zeta potential of N-CDs was 8.88 mV in
the BR buffer (pH 3.2) (see ESM Fig. S5), but the zeta poten-
tial was increased to 11.47 mV with the addition of hematin,
indicating that there is a strong interaction between the N-CDs
and hematin. A close proximity between N-CDs and hematin
makes FRET possible, which further confirms the possibility
of quenching process via FRET.

To further give an insight on the quenching mechanism, the
electrochemical properties of the N-CDs system were investi-
gated using the cyclic voltammetry (CV). The energy levels of
highest occupied molecular orbital (HOMO) and lowest

0.324

(F-F)/F,

0.16

0.00-
(‘\0 Q S WS xox o oxoog X
o TETEFTHEG o &5 S¢

Fig. 5 Fluorescence response of N-CDs with adding various analytes.
The concentration of hematin is 10 pM. And the concentration of other
foreign substances is 50 uM, except that Hb is 50 mg/mL. Conditions: N-
CDs, 0.2 mg/mL
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Fig. 6 a UV-vis absorption
spectrum of hematin (10 pM) and 660
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unoccupied molecular orbital (LUMO) of N-CDs were mea-
sured, and Fig. S10 (see ESM) illustrates the detailed calcula-
tion process. The Eyomo and Ep ynvio of N-CDs are calculated
as —7.74 and —3.54 eV, respectively, based on a reported
method [41]. Moreover, the Eyonmo and Epymo of hematin
are — 5.06 and — 2.15 eV, respectively, according to a previous
report [27]. Figure 6¢ shows the electron transfer from the
LUMO of the N-CDs to that of hematin cannot occur. The
above results demonstrate that the ET quenching mechanism
can be excluded.

In addition, the fluorescence excitation spectrum of N-CDs
has a broad overlap with the absorption spectrum of hematin,
suggesting the existence of inner filter effect (IFE)—caused
quenching [2, 41]. Based on the above discussion, the possible
quenching mechanism of the red-emitting N-CDs caused by
hematin can be ascribed to FRET and IFE.

Detection of hematin in red cell hemolysates

The N-CDs were used for detecting hematin in healthy
human red cell hemolysates to explore the practicality of
our method. We measured the samples that were spiked
with standard hematin solution (0, 2, 4, 8 uM). The re-
coveries of these samples varied from 99.0 to 108.0% (see
ESM Table S2) and the relative standard deviations (RSD)
were below 3.77%, which shows a good repeatability of
the method. Therefore, the sensing system exhibits a po-
tential application for the reliable and selective hematin
determination in human red cell samples.

Conclusions

The red fluorescent N-CDs have been prepared success-
fully with o-phenylenediamine as a precursor using a
one-step method. And the red-emitting N-CDs can be
synthesized only in an acidic condition. Meanwhile,
the emission of the red-emissive N-CDs was also pH-
dependent, indicating a proton-controlled synthesis and
emission of the red-emitting N-CDs. The red-emitting
N-CDs can serve as a probe for quick and dependable
determination of hematin without extracting hematin
from hemoglobin in human erythrocytes. The developed
sensing system for hematin displays a range of linear
response of 0.4-32 uM with the detection limit of
0.18 uM. Hence, this florescence probe can be applied
to monitor the concentration change of hematin in com-
plex matrixes successfully, suggesting its dependable
and broad application prospect for the low-cost, and fast
diagnosis of hematin-induced disease.
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